Introduction
Plant material and experimental set-up 115 Details of plant material and experimental set-up for spruce experiments have been published by 116 Kivimäenpää et al. (2013) and for pine experiment by Kivimäenpää et al. (2016) Table 1 for the spruce experiment 150 and in Table 2 for the pine experiment. For spruce, the average increase in ozone concentration was temperatures and cumulative temperature sum (degree-days above a threshold of 5 °C) for spruce experiment are shown in Table 1 and for pine experiment in Table 2 . As a daily average for the temperature by 1 °C by IR-heaters was expected to increase needle temperature by an additional 1 °C
161
(cf. Kivimäenpää et al. 2013) .
162
Insecticides or pesticides were not used. Aphids were occasionally observed on the current year We estimated that biotic stress did not affect gas exchange and needle anatomy of the sampled shoots 166 and needles, since the seedlings sampled were free of visible symptoms of biotic stress. Ozone or 167 warming did not cause any visible symptoms on needles.
168
The following abbreviations are used for elevated temperature and ozone treatments: C = section area has been published by Kivimäenpää et al. (2016) . Change in pine needle shape was 211 evaluated by measuring the length of the convex and straight edges ( Fig. 1) and calculating their ratio.
212
Change in spruce needle shape was determined by measuring the length and width of needle cross-213 section ( Fig. 1) (average of 10 needle pairs) was measured from the same shoot used for gas exchange measurements. 
Results

256
Anatomy of spruce needles
257
Elevated temperature did not affect needle length, but reduced the needle cross-section area (Table   258 3) and mesophyll tissue area (Table S1 1 ). It also affected needle shape, since it significantly reduced 259 the needle cross-section width by 10 % and non-significantly cross-section length by 4 % (Table 3) 260 that resulted in higher needle cross section length-width ratio under elevated temperature (Table S1 ).
261
Elevated temperature reduced the thicknesses of the epidermis and hypodermis (Table 3) and their 262 area (Table S1 ). Proportion of intercellular space in the abaxial side of the needles was higher and 263 resin canals were smaller at elevated temperature compared to ambient temperature treatments (Table   264 3). Opposite to the effect of elevated temperature, elevated ozone increased the thicknesses of 266 epidermis and hypodermis (Table 3) . As a result, epidermis and hypodermis thickness in the OT 267 treatment was similar to the control treatment (Table 3) . Also the proportion of epidermis and 268 hypodermis was greater in elevated ozone (Table 3) . Ozone decreased the proportion of mesophyll 269 tissue and increased the proportion of endodermis (Table 3) , but the changes in their areas were not 270 significant (Table S1 ).
271
Interactions of ozone and temperature were observed in the stomatal density and proportion of 272 sclerenchyma cells (Table 3) . Ozone decreased stomatal density (measured by SEM), but only in the 273 ambient temperature treatment (SME, P = 0.024 for O in ambient T). Elevated temperature increased 274 the proportion of sclerenchyma cells in elevated ozone (SME, P = 0.042 for T in elevated O), thus,
275
proportion of sclerenchyma was highest in the OT treatment (Table 3) .
277
Gas exchange and growth of spruce
278
There were significant interaction effects on gas exchange of spruce needles: elevated ozone and 279 temperature alone decreased Pn, gs and their ratio, but in the OT treatment gas exchange values were 280 even higher compared to all the other treatments (Fig 2) . Results of SME tests for interactions were 
284
At the end of the second growing season, elevated temperature reduced the current year main 285 shoot length by 13 % compared to the ambient temperature treatments (Fig. 3a) . The same trend was 286 observed in the basal stem diameter, but the differences were not significant (Fig. 3b ).
288
Anatomy of pine needles
Elevated temperature increased the needle length, and the proportions (Table 4) or areas (Table S2 2 ) 290 of vascular cylinder, phloem and xylem. It also reduced the proportion of mesophyll tissue (Table   291 4). The reductive effect of elevated temperature on mesophyll proportion was strongest in elevated 292 ozone and lower N availability (SME-test P = 0.024 for T in elevated O and -N). Proportion of 293 phloem was increased by temperature only in the higher N level (SME-test P = 0.003 for T in +N, 294 Table 4 ). Elevated temperature also increased the number of stomatal rows (Table 4) , but the effect
295
was not significant when the number of stomatal rows was related to the needle perimeter ( Table   296 S2).
297
Ozone increased the proportion (Table 4 ) and areas (Table S2 ) of epidermis and hypodermis.
298
Ozone reduced the area (Table S2 ) and proportions of endodermis (Table 4) , but ozone-induced 299 reduction in proportion of endodermis was only seen in lower N level (SME-test P = 0.013 for O in
300
-N), as higher N level could compensate the effect of ozone (SME-test P = 0.028 for N in elevated
301
O). Area of vascular cylinder was not significantly affected (Table S2 ), but its' proportion per needle 302 area was reduced by ozone (Table 4) . Ozone also increased the areas (Table S2 ) and proportions of 303 phloem and xylem (Table 4 ). In addition, ozone increased the proportion of sclerenchyma tissue 304 (Table 4 ), but the area was not affected (Table S2) . Ozone tended to increase the density of stomata 305 per stomatal row, but only in ambient temperature (SME-test P = 0.061 for O in ambient T). Needles
306
were on average 0.6 mm shorter in the higher than lower N level (Table 4) .
307
Proportion of intercellular space in the mesophyll tissue and the shape of the needles were not 308 affected by the treatments (Table S2) .
310
Gas exchange and growth of pine
311
Elevated ozone decreased stomatal conductance by 27 % (Fig. 4a ). Pn/gs was not significantly 312 affected by any of the treatments (Fig. 4b) . (details of SME not shown), but not under ambient ozone and elevated temperature treatment (SME 317 P > 0.2 for N in ambient O and elevated T), 2) elevated temperature increased the shoot length, but 318 only in lower N level and ambient ozone (SME P = 0.017 for T in -N and ambient O) and 3) ozone 319 decreased the shoot length in lower N and elevated temperature (SME P = 0.066 for O in -N and 320 elevated T). In 2012, elevated temperature increased main shoot length by 26 % (Fig. 5c ).
321
Basal stem diameter increase during the exposure season was 76 % higher in the higher N than was that the increase in stem diameter in elevated temperature was not observed in higher N level and 326 ambient ozone (details of SME not shown). In 2012, elevated ozone decreased stem diameter 327 increment by 20 % (Fig. 5d ). this study corresponds to the situation in the near future (Kirtman et al. 2013) in Finland in the future climatic conditions. The harmful effects of warming on spruce in our study 356 cannot only be due to warming exposure continuing over the winter, since the negative effects on 357 needle gas exchange (Riikonen et al. 2012 ) and stem growth (Kivimäenpää et al. 2013) (Poorter et al. 2012) , the pot-grown species had more positive growth responses to warming in our 369 study. Moreover, leaf structure has not been reported to be influenced by pot size (Poorter et al. 2012) .
370
Some of the anatomical responses to elevated temperature suggest that spruce and pine have 371 different leaf water relations under warming. In pine, number of stomata that increased in total and 372 remained constant per needle perimeter, as well as unaltered stomatal conductance and water use 373 efficiency, suggest that warming did not disturb the gas exchange and transpiration rates of needles.
374
The areas of vascular cylinder and xylem and the number of phloem sieve cells have been shown to 375 increase in response to reduced water availability in spruce needles (Sutinen et al. 2006) . In this study, Kivimäenpää et al. 2016) . At the seedling level, photosynthesis was probably increased by warming,
383
since the needles were larger, and also the needle total biomass increased in the elevated temperature 384 treatments (unpublished 3 ).
385
Wider and longer pine needles may be a response analogous to increased leaf area observed in
386
European aspen, a deciduous species, under warming (Hartikainen et al. 2009 in spring were enhanced by ozone (Kivimäenpää et al. 2014) .
431
Some of the observed ozone-warming interactions in the needle structure could be regarded to be disturbed by ozone stress in hybrid poplar Populus euramericana leaves (Landolt et al. 1994 ).
441
In contrast to Landolt et al. (1994) spruces under warming were due to high N availability, since N fertilization normally increase needle size (Jokela et al. 1996) and tree growth (Utriainen and Holopainen 2001b were ca. 0.9 % and 1.9 % at lower and higher N fertilization levels, respectively) (Lippert et al. effects of ozone on shoot length were not seen in the higher N level during the first year of exposure.
489
Our results are in contrast to Utriainen and Holopainen (2001a) where higher N availability increased 490 growth losses by ozone in Scots pine. In their study, the differences in N availability levels were 491 larger than here and needle N concentration differences between the treatments (0.8 % vs. In conclusion, the results of the two experiments suggest that Scots pine seedlings may benefit and Ozone ( (5) 149 (5) 143 (7) 149 (8 ( (75) 885 (37) 778 (134) Note: C = control, ambient ozone, ambient temperature, T = ambient ozone, elevated temperature, O = elevated ozone, ambient temperature, OT = elevated ozone, elevated temperature, n = 4. Main effect at a level P 0.1 for temperature (T) from Linear Mixed Models ANOVA, and direction of effects (arrows) with percentual change are shown. Effect of ozone (O) and interaction of O and T were not significant.
Supplementary Table 2 . Averages (SE) of stomatal density per needle perimeter, ratio for the length of convex to straight needle edge, proportion of intercellular space and needle tissue areas of current year needle of Scots pine seedlings at the end of the growing season 2012, exposed to elevated temperature, elevated ozone and two soil nitrogen levels over two exposure seasons 2011-2012. 
O: 0.034 ( 30 %) T: 0.014 ( 23 %) Note: C = control, ambient ozone, ambient temperature, T = ambient ozone, elevated temperature, O = elevated ozone, ambient temperature, OT = elevated ozone, elevated temperature, -N lower N level, +N higher N level, n = 4. Main effects at a level P 0.1 for ozone (O) and temperature (T) and from Linear Mixed Models ANOVA, and direction of main effects (arrows) with percentual change are shown. Main effect of nitrogen (N) or the interactions were not significant.
